Cereal grains rich in starch are widely used to meet the energy demands of high-producing beef and dairy cattle. Bacteria are important players in starch digestion in the rumen, and thus play an important role in the hydrolysis and fermentation of cereal grains. However, our understanding of the composition of the rumen starch-hydrolyzing bacteria (SHB) is limited. In this study, BODIPY FL DQ starch staining combined with fluorescence in situ hybridization (FISH) and quantitative FISH were applied to label, identify and quantify SHB possessing active cell-surface-associated (CSA) α-amylase activity in the rumen of heifers fed barley-based diets. When individual cells of SHB with active CSA α-amylase activity were enumerated, they constituted 19-23% of the total bacterial cells attached to particles of four different cultivars of barley grain and corn. Quantitative FISH revealed that up to 70-80% of these SHB were members of Ruminococcaceae in the phylum Firmicutes but were not Streptococcus bovis, Ruminobacter amylophilus, Succinomonas amylolytica, Bifidobacterium spp. or Butyrivibrio fibrisolvens, all of whose amylolytic activities have been demonstrated previously in vitro. The proportion of barley grain in the diet had a large impact on the percentage abundance of total SHB and Ruminococcaceae SHB in these animals.
INTRODUCTION
Cereal grains are used as energy concentrates in combination with forages to feed ruminants because they contain higher energy levels than forages (Deckardt, Khol-Parisini and Zebeli 2013) . Cereal grains are composed mainly of starch, which contributes about 50-70% of the grain mass (Guilbot and Mercier 1985) . In the rumen, starch-hydrolyzing organisms (SHO) break starch down to glucose which is fermented to provide the host animal with short-chain fatty acids as end products (Cotta 1988 ).
The grain constituents, its starch composition and structure, the method of processing and the nature of the diet all influence the rate and extent of ruminal starch digestion (Stiles et al. 1970; Orskov 1986; Theurer 1986; Svihus, Uhlen and Harstad 2005; Ahmad et al. 2010; Asare et al. 2011) . A slow rate of starch digestion can lead to incomplete total tract starch digestion, while an overly rapid digestion rate may cause subacute ruminal acidosis by producing high levels of volatile fatty acids that overwhelms the buffering capacity within the rumen (Kotarski, Waniska and Thurn 1992 ). An understanding of the identity and abundance of SHO in the rumen may assist in increasing our ability to manipulate ruminal starch digestion rates and improve the efficiency of starch utilization (Cerrilla and Martínez 2003) .
Our understanding of the composition of ruminal SHO comes largely from laboratory studies using cultured ruminal isolates (Kotarski, Waniska and Thurn 1992; Cerrilla and Martínez 2003) . Both protozoa and bacterial species have demonstrated in vivo amylolytic activity. Ciliated protozoa are found in large quantities in grain-fed ruminants and are involved in ruminal starch hydrolysis through two different ways. Protozoa either can ingest large amounts of particulate starch and soluble sugars and digest them intracellularly (Coleman 1986 (Coleman , 1992 or ingest large amounts of bacteria including amylolytic bacteria and thus affect ruminal starch digestion (Clark and Bauchop 1977; Kurihara, Takechi and Shibata 1978) . Many protozoa species including Entodinium spp., Ostracodinium obtusum, Eremoplastron bovis, Diploplastron affine, Diplodinium pentacanthus and Ophryoscolex caudatus possess amylase activities (Coleman 1986) .
Bacteria reported to ferment starch include Streptoccocus bovis, Bifidobacterium spp., Borrelia sp., Butyrivibrio spp., Prevotella spp., Eubacterium ruminantium, Ruminobacter amylophilus, Ruminococcus bromii, Succinimonas amylolytica and Lactobacillus sp. (Hamlin and Hungate 1956; Minato and Suto 1979; Cotta 1988; McAllister et al. 1993; Giraud, Champailler and Raimbault 1994; Huntington 1997) . Some of these have been shown to produce extracellular or cell-surface-associated (CSA) amylase activity in vitro (Minato and Suto 1979; Cotta 1988 ). However, pure culture studies have shown that most of these amylolytic species are capable of deriving energy from carbohydrates other than just starch (Kotarski, Waniska and Thurn 1992) . Consequently, their presence and even apparent dominance in ruminants fed high concentrate diets reported in many studies (Klieve et al. 2007; Klieve, McLennan and Ouwerkerk 2012) may not be necessarily associated with their ability to hydrolyze starch. However, the composition of active starch-hydrolyzing bacteria (SHB) in the rumen is still largely unknown.
In this study, BODIPY FL DQ starch staining (henceforth referred to as DQ starch staining) combined with fluorescence in situ hybridization (FISH) (Xia, Kong and Nielsen 2008 ) was adopted to label and identify SHB with CSA α-amylase activity in the rumen of heifers fed barley-based diets. Furthermore, the relative abundances of SHB associated with barley grain cultivars differing in chemical composition as well as corn were assessed in heifers fed diets differing in grain/forage ratio.
MATERIALS AND METHODS

Animals and diets
Experiments were conducted at Lethbridge Research Centre, Agriculture and Agri-Food, Canada. Three rumen-cannulated beef heifers (BW: 308kg ± 32 SD) were used in this crossover study. In the first month, heifers were fed a low barley grain diet (17%) and in the second month, a high barley grain diet (60%) ( Table 1) . Heifers were fed 7 kg of each diet daily, resulting in no orts. Sampling was performed during the fourth week of each period. Heifers were cared for following the guidelines of the Canadian Council on Animal Care (1997).
Ruminal incubation experiments and sample preparation for microbiological analyses
Incubation experiments to investigate the attachment of amylolytic bacteria to the barley varieties of Fibar, McGwire, Hilose and Xena as well as corn were carried out using Dacron bags (5 × 10 cm internal dimension, 51 ± 2 μm pore size; Ankom, Fairport NY, USA) (Batajoo and Shaver 1998) . All barley and corn samples tested were ground to pass through a 6-mm screen. Triplicate subsamples (5 g) of each grain type were placed in Dacron bags and incubated in rumen of each heifer for 4, 12, 24 and 48 h. Bags were collected at each sampling time point and transferred to the lab within 20 min for analyses. To collect those bacteria attached to barley grain or corn particles, bags were gently rinsed with 1 × PBS buffer and drained for 3-5 min on a sieve. Contents from individual bags were then transferred to sterilized containers. The contents of the triplicate samples were combined and homogenized manually with a glass rod. A portion (8 g) of each sample was suspended in 35 mL phosphate rinsing buffer which contained (g L −1 ): K 2 HPO 4 5.23, KH 2 PO 4 2.77 and NaHCO 3 3.00 (Kong, Teather and Forster 2010b) . The mixture was subjected to mechanical pummeling for 6 min in a Colworth Stomacher 400 (A. J. Seward and Co. Ltd, London) before filtration through eight layers of sterilized cheesecloth. A portion of the filtered fluid was fixed in ice-cold ethanol (50% v/v final concentration) or paraformaldehyde (PFA) (4% w/v final concentration) for FISH probing of Gram-positive (Roller et al. 1994 ) and Gram-negative (Amann 1995) bacteria, respectively. Other aliquots (0.4 mL) were transferred to 1.5 mL Eppendorf tubes, which were immediately centrifuged at 4500 g for 10 min and the pellets used for DQ starch staining. Total dietary fibre (TDF) was calculated as SDF plus IDF. Contents of starch and β-glucan were estimated according to the total starch (AA/AMG) and the mixed-linkage beta-glucan assay kits (Megazyme International Ireland Ltd). Amylose content of starch was determined using iodine blue method as defined by the Corn Refiners Association (1997). Starch content of the grain residues remaining after ruminal incubation was determined by hydrolyzing starch to glucose polymers using amyloglucosidase (Megazyme International Ltd, Wicklow, Ireland) plus 1,4-α-d-glucan glucano-hydrolase (Brenntag Canada Inc., Toronto, ON) as described by Herrera-Saldana, Huber and Poore (1990). Samples were read on a Thermo Scientific Appliskan R microplate reader (Mississauga, ON) at a wavelength of 490 nm.
Physiochemical characterization of barley grain cultivars and corn
Detection and identification of SHB using DQ starch staining combined with FISH
DQ starch staining combined with FISH (Xia, Kong and Nielsen 2008) was modified to detect SHB associated with barley or corn particles. The principle of DQ starch staining is that starch can be conjugated with dye-labeled BODIPY (boron-dipyrromethene) in such a way that the fluorescence of starch is quenched, resulting in little to no fluorescence. Once the conjugated starch is hydrolyzed by any surface-associated α-amylase of the SHB, hydrolysate products with BODIPY fluorescence are released and precipitate on the surface of the cells. Thus, SHB with this activity can then be identified by epifluorescence microscopy. Briefly, pellets from centrifugation (see above) were resuspended individually in 0.4 mL of 1× reaction buffer plus 0.2 mL working solution of BODIPY FL DQ starch, and mixed with electron transport chain inhibitors (sodium azide, sodium fluoroacetate and sodium iodoacetate) to prevent unspecific labeling (Xia, Kong and Nielsen 2008) . This mixture was then placed in a 10-mL serum bottle wrapped in aluminum foil, and incubated at 25
• C for 30 min on a rotating disk (220 rpm). Subsequently, incubated samples were spread evenly over three-well (5 μL in each well) gelatine-coated Teflon printed slides (Electron Microscopy Sciences, Hatfield, PA, USA) and dried in the dark before being mounted with antifade reagent CITI fluor (Electron Microscopy Sciences) and examined microscopically. The SHB that stained positively with DQ starch staining were located microscopically, and their positions on the microscopic stage recorded. CITI fluor on the slides was washed away by gentle rinsing for 1 min with 70% ethanol before fixation with either 4% PFA or 50% ethanol for 2-4 h at 4 o C prior to FISH probing. FISH was performed according to Amann (1995) . The oligonucleotide probes used to identify SHB are listed in Table 3 , and were all purchased from Operon (Huntsville, AL). All probes were labeled with the fluorochrome Cy3. If necessary, pre-treatments used in CARD-FISH protocols (Ferrari et al. 2006) to improve the permeabilization of cells to these FISH probes were adopted. FISH signals of the bacteria with enzyme activity were examined after microscopic relocation. In all FISH experiments, probe NONEUB (Wallner, Amann and Beisker 1993) was used as a control to reveal unspecific binding of FISH probes.
Determination of the abundances of total SHB and probe-defined SHB
DQ starch staining combined with DAPI (4 , 6-diamidino-2-phenylindoledihydrochloride) staining (Xia, Kong and Nielsen 2008) was performed to determine relative abundances of SHB as a percentage of the total bacterial numbers (those stained by DAPI staining). Briefly, cells positive for DQ starch were detected microscopically and their positions on the slide recorded. Then CITI fluor was removed by gently rinsing slides for 1 min with 70% (v/v) ethanol. After air-drying, DAPI (100 μL, 0.003 mg mL −1 ) was added to the slides, which were kept at room temperature for 10 min. Slides were then dipped in distilled water three to five times before being air-dried and examined microscopically. For each enumeration, a total of at least 60 microscopic images were taken randomly with the 100× objective lens from at least three slide wells, with 20 images per well being generated. Each image contained ca. 1000-3000 DAPI stained bacterial cells. The relative abundances of total SHB were estimated as a percentage of total cell numbers stained by DAPI in the same microscopic field. The percentage abundances of the SHB hybridizing with individual FISH probes against total numbers of bacteria were estimated in the same way as described above. The percentage values of the SHB hybridizing with FISH probes were estimated by dividing the percentages of the former with those of the latter. 
Determination of relative abundance of Entodinium ciliates
Relative abundances of Entodinium spp. colonizing different barley grain and corn particles were determined using FISH with an oligonucleotide probe mixture consisting of probes Ent651, Ent618 and Ent619 ( 
Microscopic examination
Images of bacterial samples stained with BODIPY FL DQ starch and DAPI or after FISH probing were examined and captured using an epifluorescence microscope (Leica DM6000B, Wetzlar, Germany) equipped with a Leica DFC500 camera. Cells on digital images were counted with ImageJ software (Abramoff, Magalhaes and Ram 2004) .
Statistical analysis
Statistical analyses were carried out using the Student t-test with significance declared at P<0.05.
RESULTS
Chemical characterization of barley grain cultivars and corn
The physiochemical characteristics of the four barley grain cultivars Fibar, Hilose, McGwire and Xena and corn used in this study are shown in DQ starch staining combined with DAPI staining to detect and quantify active SHB attached to barley grain and corn particles DQ starch staining was applied to cells washed from barley and corn particles in the rumen of cows fed barley-based diets with two different levels of barley (17% and 60%). A major proportion of the SHB seen by staining were cocci of various sizes, existing either singly or in chains (e.g. Fig. 1 B1) . Others were rods of varying sizes. The same SHB morphotypes were seen in all samples examined. DQ starch staining was combined with DAPI staining (e.g. Fig. 1 A1-A3 ) to estimate the percentage abundance of SHB attached to the particles of the four barley grain varieties and corn (Fig. 2) .
Over the 4-48 h incubation period, with cows fed the 17% barley grain diet, the SHB attached to Fibar (Fig. 2C) , Hilose (Fig. 2G) , McGwire (Fig. 2E) and Xena (Fig. 2I ) grains reached maximum percent abundance after 12 h, with a three animal (triplicate) average of 21.7(±1.1)%, 18.8(±6.0)%, 19.2(±1.7)% and 23.1(±6.2)%, respectively. In contrast, the SHB associated with corn ( Fig. 2A) particles reached their maximum percentage abundance after 4 h, with a three animal average of 19.2(±9.5)%. After 12 h incubation, the percentage abundance of SHB attached to the particles of the four barley grain cultivars fluctuated between 8.2% and 19.4% throughout the remainder of the incubation period.
With the 60% barley grain diet, the SHB relative abundance values (Fig. 2) for the four different barley cultivars and corn all reached their maximum values after 4 h, with an all-animal average of 3.2(±2.5)% for Fibar (Fig. 2D) , 3.4(±2.7)% for Hilose (Fig. 2H ), 2.8(±2.2)% for McGwire (Fig. 2F) , 3.8(±2.0)% for Xena (Fig. 2J ) and 3.6(±2.8)% for the corn (Fig. 2B) . Subsequently, these SHB values fluctuated between 2.3% and 5.4%. These mean maximum SHB abundance values were lower (P<0.05) than that determined for the grains incubated in the rumen of cattle fed the 17% barley grain diet.
FISH probing of SHB attached to the barley grain and corn particles
FISH probing was used to identify the SHB positively stained with BODIPY FL DQ starch. FISH probes which targeted Figure 1 . Two sets of fluorescence images taken with ruminal samples washed off from Hilose particles in the rumen of a heifer fed a 17% barley grain diet. Images A1-A3 and B1-B3 were taken from two microscopic fields after BODIPY DQ starch staining (A1 and B1), DAPI staining cells (A2) and FISH probing with Cy3-labeled probe Rum831 (B2). Figure A3 is a color combined image of A1 and A2 showing that the cyan-colored (color combination from green and blue) starch-hydrolyzing bacterial cells were positively stained with BODIPY DQ starch. Figure B3 is a color combined image of B1 and B2 showing that the yellowed-colored (color combination from green and red) cells in B3 hybridized with the probe Rum831 targeting members of Ruminococcaceae. The bar in A1 represents 10 μm and is used for all images.
ruminal isolates that specifically exhibited amylolytic activity were used. The oligonucleotide probes used, their specificity and the ruminal bacterial amylolytic isolates targeted those 16S rRNA sequences that matched these probes, are listed in Table 3 . Of these probes, the SHB responded to only two, the first, probe Rum831 (Kong et al. 2010a) , targets members of family Ruminococcaceae, phylum Firmicutes (Fig. 1B1-B3 ), while the probe Bac1080 (Kong et al. 2010a ) targets members of phylum Bacteroidetes. Other FISH probes hybridized with bacterial cells which did not stain with DQ BODIPY FL starch over a range of relative abundances in all the ruminal samples examined. Moreover, all the cocci hybridizing with the FISH probe Rum831 positively stained for BODIPY FL DQ starch (Fig. 1B1-B3 ). In contrast, only a few cocci hybridizing with the 
+ (++) * "+", "++", "+++" and "++++" represent 1-5, 5-10, 10-15 and >15 probe-defined Entodinium ciliate cell(s) observed in each individual microscopic fields (100× objective lens). Absence of brackets represents the diet that contained 17% barley grain, presence of brackets ( ) represents the diet that contained 60% barley grain. At least 30 microscopic fields were examined for each ruminal digesta sample.
FISH probe Bac1080 stained positively with this stain (data not shown).
Quantification of the Ruminococcaceae SHB attached to the barley grain and corn particles by quantitative FISH (qFISH)
qFISH was used to determine the relative abundances of Ruminococcaceae SHB (subsequently referred to as R SHB). With the 17% barley grain diet (Fig. 3) , bacterial populations attached to corn (Fig. 3A) , Fibar (Fig. 3C) , Hilose (Fig. 3G) and McGwire (Fig. 3E ) exhibited the highest R SHB abundances 4 h after feeding with a three animal average of 19 (±8.7)%, 19 (±6.8)%, 16 (±4.5)% and 17 (±4.5)%, respectively. After 12 h, Xena (Fig. 3I) had the highest R SHB percentage abundance with a three animal average of 21 (±5.4)%. Subsequently, the R SHB percentage abundances attached to particles of different barley grain cultivars and corn decreased at different rates, fluctuating between 6.5 and 12.5% throughout the remainder of the incubation period. With the 60% barley grain diet (Fig. 3) , the highest R-SHB abundances for all the barley grain and corn particles occurred after 4 h, with a three animal average of 2.4(±2.0)% for corn (Fig. 3B ), 2.2(±1.2)% for Fibar (Fig. 3D) , 2.1(±1.6)% for Hilose (Fig. 3H ), 1.9(±1.2)% for McGwire (Fig. 3F ) and 2.1(±1.8)% for Xena (Fig. 3J) . Thereafter, the R SHB percentage abundance for all of these grains fluctuated between 1.7 and 2.4% for the remainder of the incubation period.
R SHB constituted a major fraction of the total SHB
Over the 48 h incubation period, the R SHB members comprised approximately 64-73% and 54-83% of the total SHB attached to barley and corn particles incubated in cattle fed either the 17% or 60% barley grain diet. This shows that these populations were important components of the SHB populations. In contrast, the SHB hybridizing with the probe Bac1080 only accounted for a negligible proportion of this community (data not shown).
Entodinium abundances responded to barley grain levels in the diet
With both the low and high barley grain diet, as shown in Table 4 , FISH probing detected more Entodinium spp. associated with corn particles than on particles from each of the four different barley grain cultivars. Moreover, with either of these two diets, the relative abundance of Entodinium spp. on the corn particles or different barley grain particles did not obviously change over 48 h of incubation. However, the relative abundances of Entodinium spp. detected at 24 and 48 h for different barley grain and the corn particles were generally two times higher with the high barley grain diet than with the low barley grain diet, but were similar between the two diets between 4 and 12 h of incubation.
Starch hydrolyses of the barley grain and corn particles added in bags to the rumen
Barley grain and corn particles incubated in bags within the rumen of the heifers fed diets with two different barley grain levels were hydrolyzed to different degrees over 48 h of incubation (Fig. 4) . The hydrolysis of Fibar starch (original level 47.7%) (Fig. 4B) with the low barley grain diet was very similar to that with the high barley grain diet. At the end of incubations, 12.3% and 14.1% of Fibar starch (originally 47.8%) was hydrolyzed, respectively. McGwire starch (original level 52.5%) (Fig. 4C) was gradually hydrolyzed over 48 h, regardless of diet, but by the end of incubation more starch was hydrolyzed with the low barley grain diet (28.4%) than with the high barley grain diet (15.5%). Similarly, Xena starch (original level 56.1%) (Fig. 4E ) was gradually hydrolyzed with both diets. More starch was hydrolyzed with the low barley grain diet (37.3%) than with the high barley grain diet (14.7%). Starch in Hilose (original level 49.0%) was hydrolyzed to a greater extent between 12 and 24 h with the high barley grain diet, whereas this digestion occurred more readily between 0 and 4 h with the low barley grain diet. In contrast, corn starch (original level 62.2%) (Fig. 4A) was lineally hydrolyzed over the 48 h of incubation; with more starch being hydrolyzed with the high barley grain (18.5%) than the low barley grain diet (10.1%).
DISCUSSION
Most bacteria in the rumen are attached to feed particles, suggesting that CSA enzymes play a key role in the macromolecular hydrolysis of starch (McAllister et al. 1994) . Other studies with ruminal digesta samples have also shown that CSA amylase plays a major role in the bacterial hydrolysis of starch (Cotta 1988; McAllister and Cheng 1996) . Moreover, some rumen isolates demonstrate extracellular and CSA amylase activities in vitro (Minato and Suto 1979; Cotta 1988) . However, to our knowledge this is the first in situ detection, visualization, identification and quantification of SHB with CSA α-amylase activity in rumen microbial communities. By DQ starch staining, fluorescent signals arising from individual SHB cells collected from barley grain and corn particles can be clearly observed. BODIPY FL DQ starch responds specifically to CSA α-amylases that act randomly on the glucan chains in starch, producing water-soluble dextrins and oligosaccharides (Cerrilla and Martínez 2003) .
Our results showed that with a 17% barley grain diet, up to 23% of the total bacterial cells attached to the barley grain and corn particles possessed active CSA α-amylase activities, providing in situ evidence to show that nearly a quarter of the rumen bacteria in this community used CSA α-amylases to hydrolyze starch. This indicates that SHB with active CSA amylase activities played an important role in starch hydrolysis of the particles of all four different barley cultivars as well as corn. In contrast, <5% of total bacterial cells exhibited this characteristic when heifers were fed a 60% barley grain diet. As discussed previously, this could be due to the fact that the high barley grain diet promoted the growth and multiplication of protozoa. The protozoa may have ingested large quantities of starch granules, thus reducing the amount of substrate available to amylolytic bacteria (Clark and Bauchop 1977; Kurihara, Takechi and Shibata 1978) and the numbers of SHB detected. Our observation that the abundance of Entodinium spp. in heifers fed the high barley grain diet was twice that in the low barley grain diet supports this hypothesis.
Our knowledge of the composition of ruminal SHB communities comes largely from pure culture studies. Although amylolytic activity of many ruminal isolates has been measured in vitro, their involvement in in situ starch hydrolysis in the rumen is not clear. We have demonstrated that R SHB are present in high relative abundances among the bacterial populations attached to particles of four barley grain cultivars and corn, accounting for a major fraction of the total SHB in heifers fed either low or high barley grain diets.
Interestingly, CSA amylase activity was not detected in situ in the well-documented ruminal isolates with known CSA activities in in vitro studies, examined here. Although FISH probes targeting these bacterial isolates hybridized with bacterial cells in all rumen digesta samples examined, they failed to hybridize with bacterial cells that were positively stained for BODIPY FL DQ starch. These bacterial species include S. bovis, Ru. amylophilus, Su. amylolytica, Bifidobacterium spp. and Butyrivibrio fibrisolvens. There may be several explanations for this observation. It may be because any CSA amylase activities they might have were not expressed under the conditions prevailing in the rumen of the heifers examined here. Alternatively, they may not have produced sufficient active CSA to be detected by DQ starch staining and/or they produced extracellular amylase activity that would not be detected by DQ starch staining.
The detailed phylogeny of the R SHB hybridizing here with the probe Rum831 and their phylogenetic relationships to the amylolytic R. bromii remain unclear because of lack of more specific FISH probes for these bacteria. Using a real-time Taq nuclease assay, Klieve et al. (2007) found that R. bromii was dominant in the rumen of cows fed a barley based diet. Their later study (Klieve, McLennan and Ouwerkerk 2012) showed that, with a high barley grain diet, R. bromi was replaced by other Ruminococcus spp., implying that the composition of R SHB might be more diverse than once considered. The only other FISH probe which hybridized with SHB cells in our study was the probe Bac1080 targeting members of Bacteroidetes, which hybridized with only small number of the SHB cells visualized. Thus, a substantial fraction (27-36% and 17-46% with the low barley grain diet and with the high barley grain diet, respectively) of the SHOs remained unidentified.
The particles of different barley grain cultivars and corn responded differently to microbial hydrolyses. After 48 h of incubation, more McGwire, Hilose and Xena starch was hydrolyzed with the low barley grain diet than with the high barley grain diet. This outcome may reflect the higher levels of SHB in the low barley grain diet vs the higher levels of Entodinium protozoa in the high barley grain diet. Reduced starch hydrolysis in the high barley grain diet may be indicative of the nylon bag restricting the ability of protozoa to gain access to starch within the nylon bags. The hydrolysis of starch in Fibar did not differ between diets containing varying barley grain levels, possibly a reflection of the high beta-glucan levels in this cultivar.
Moreover, SHB abundance on the grain particles incubated in the rumen of heifers with the low barley grain diet (Fig. 1) generally correlated with their starch hydrolysis profiles (Fig. 4) . Starch hydrolyses of different barley grain cultivars were observed during 48 h incubation. Correspondently, SHB colonizing these barley grain particles increased from the beginning of the incubations to maximum abundances (18.8-23.1%) after 12 h. After 12 h incubation, their percentage values fluctuated between 8.2% and 19.4% throughout the remainder of the incubation. However, obvious differences in starch hydrolysis profiles of different barley cultivars exist. Although at the end of incubations, 28.4, 20.0 and 37.3% of McGwire, Hilose and Xena starch were hydrolyzed, McGwire and Xena starch were gradually hydrolyzed throughout the incubation, while most of the Hilose starch was hydrolyzed within the first 4 h. The fact that the peaks of the relative abundances of McGwire and Xena occurred at 12 h and the peak of relative abundances of Hilose at 4 h suggests a relationship between SHB colonization and starch hydrolysis. The differences in starch hydrolysis and SHB abundances between these barley grain varieties are likely reflective of the differences in their physiochemical characteristics.
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